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Abstract 

The  objective  of  this  study  was  to  examine  the  transport  properties  of  two  YBa2Cu307_(5  thin 
films  with  (Yo.9Cao.i)2BaCu05  additions  deposited  on  vicinal  SrTiOs  6°  bi-crystal  substrates 
and  to  investigate  the  possible  correlations  between  spatial  calcium  distribution  and  local 
electromagnetic  properties  across  bi-crystal  grain  boundaries  using  evanescent  microwave 
microscopy  (EMM)  and  atomic  force  microscopy  (AFM).  The  samples  under  consideration 
differed  in  transport  critical  current  measurements  by  a  factor  of  two  although  they  were 
deposited  on  the  same  type  of  bi-crystal  substrate.  A  near-field  evanescent  microwave 
microscope  based  on  a  coaxial  transmission  line  resonator  with  an  end- wall  aperture  was  used 
to  measure  changes  in  conductivity  local  to  the  bi-crystal  boundary  of  YBa2Cu307_(5  thin  films 
below  (79.2  K)  and  above  (room  temperature)  the  superconducting  transition  temperature. 

Atomic  concentration  measurements  by  electron  microprobe  analysis  were  performed  in  the 
same  regions,  and  a  clear  correlation  between  calcium  distribution  and  conductivity  at  79.2  K 
(as  represented  by  the  change  in  quality  factor)  was  found.  Surface  potential  imaging  (SPI)  and 
quality  factor  scans  in  the  area  of  the  bi-crystal  grain  boundaries  were  performed  at  room 
temperature  using  AFM  and  EMM,  respectively,  to  evaluate  local  electromagnetic  properties  in 
the  normal  state  and  investigate  their  correlation  with  superconducting  properties. 

(Some  figures  in  this  article  are  in  colour  only  in  the  electronic  version) 


1.  Introduction 

Grain  boundaries  in  poly  crystalline  YBa2Cu307_5  (YBCO) 
superconducting  thin  films  represent  major  obstacles  for 
the  transport  current  and  quite  significantly  restrict  their 
broader  commercialization.  The  critical  current  density  is 
initially  constant  within  a  few  degrees  of  misalignment, 
but  then  decreases  exponentially  as  a  function  of  the 
misorientation  angle  between  adjacent  grains  [1-3].  The 
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critical  current  density  of  grain  boundaries  can  be  increased 
in  YBCO  by  partial  substitution  of  calcium  for  yttrium. 
Calcium  put  preferentially  into  grain  boundaries  reduces  hole 
(superconducting  carrier)  depletion  and  results  in  up  to  a  35% 
increase  in  the  critical  current  density  for  a  20°  boundary 
misalignment  [4].  The  charge  redistribution,  which  exists 
in  grain  boundaries  or  at  interfaces,  results  from  a  very 
large  dielectric  constant  that  increases  exponentially  with 
temperature  above  160  K  [5]  and  low  carrier  densities  in  high 
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temperature  superconductors.  This  redistribution  creates  a 
spatially  extended  and  a  positively  charged  region  (depletion 
zone)  and  causes  the  energy  bands  to  bend  down  on  the  scale 
of  the  coherence  length  [6].  From  theoretical  calculations 
done  by  Schwingenschlogl  et  al  [7]  it  appears  that  up  to  0.1 
holes  on  average  are  depleted  per  intraplane  Cu  site  for  high 
temperature  superconductors  in  the  normal  state.  Additionally, 
strain,  which  sometimes  exceeds  10%  at  dislocation  cores  in 
the  grain  boundary  area  [6],  is  another  reason  to  have  an  excess 
of  oxygen  vacancies  (or  hole  depletion)  at  boundaries. 

The  positive  role  of  preferential  calcium  doping  of  grain 
boundaries  to  enhance  the  critical  current  density  in  high 
temperature  superconductors  is  most  commonly  understood 
to  occur  by  the  replacement  of  trivalent  yttrium  by  divalent 
calcium  of  the  same  size  to  create  an  extra  hole  in  the 
grain  boundary  area.  However,  the  presence  of  compressive 
or  tensile  strain  regions  at  the  boundary  provides  another 
energetically  favorable  alternative:  the  replacement  of  barium 
or  copper  with  calcium,  which  relieves  the  strain  and  in  turn 
suppresses  oxygen  vacancies  [6].  In  addition,  according  to 
Schmehl  et  al  [8],  local  hole  doping  via  Ca  additions  up  to 
0.3  holes/Cu02  unit  results  in  a  significant  reduction  of  energy 
band  bending  at  the  grain  boundary,  and  consequently  the 
grain  boundary  charge  and  the  space  charge  region  are  also 
reduced.  In  summary,  we  can  say  that  preferential  calcium 
additions  have  a  beneficial  effect  in  reduction  of  the  charge 
redistribution  and  minimization  of  charge  and  strain  fields  at 
grain  boundaries.  Above  all,  addition  of  calcium  creates  extra 
holes  (carriers)  or  reduces  depletion  of  holes  in  the  boundaries 
and  leads  to  an  improvement  in  the  current  carrying  capability. 
Mohan  et  al  [9]  have  also  found  that  the  normal  state  resistivity 
of  YBCO  thin  films  decreases  with  increased  Ca  doping,  with 
a  simultaneous  decrease  in  the  critical  temperature. 

By  better  understanding  bi-crystal  grain  boundary 
behavior,  we  can  engineer  grain  boundaries  with  improved 
properties.  This  is  a  major  challenge  in  superconductor 
research  and  is  essential  for  the  commercialization  of  high 
temperature  superconducting  wire.  It  has  been  shown 
that  evanescent  microwave  microscopy  (EMM)  and  surface 
potential  imaging  (SPI)  through  the  use  of  atomic  force 
microscopy  (AFM)  are  well  suited  for  the  non-destructive 
evaluation  of  surface  and  subsurface  properties  of  materials, 
including  flaw  and  failure  detection  in  manufacturing 
applications.  The  unique  features  of  the  evanescent  microwave 
probe  allow  one  to  perform  quantitative  measurements  of 
different  material  properties,  such  as  complex  permittivity, 
below  the  surface  as  well  as  at  the  surface  because  of 
its  penetration  depth.  SPI  maps  of  the  electrostatic 
potential  on  the  sample  surface  will  change  due  to  local 
variation  in  electromagnetic  properties  and  thus  provide  data 
complementary  to  the  EMM  data. 

The  objective  of  this  study  is  to  utilize  an  evanescent  mi¬ 
crowave  probe  and  SPI  in  the  characterization  of  YBCO  thin 
films  with  (Yo.9Cao.i)2BaCu05  additions  deposited  on  vici¬ 
nal  SrTi03  bi-crystal  substrates  with  a  6°  misorientation  an¬ 
gle.  The  investigation  provides  a  correlation  between  evanes¬ 
cent  microscopy  and  microprobe  elemental  analysis  data,  de¬ 
position  parameters,  and  transport  current  measurements.  In 


addition,  surface  potential  imaging  is  used  to  check  for  macro¬ 
scopic  charge  redistribution  at  the  bi-crystal  grain  boundaries 
in  YBCO  thin  films  at  room  temperature  when  real  and  imagi¬ 
nary  parts  of  permittivity  due  to  dipolar  polarization  associated 
with  the  hopping  motion  of  localized  charge  carriers  are  ex¬ 
tremely  large  [5].  As  a  result  of  this  charge  redistribution,  the 
energy  bands  will  bend  down  and  establish  a  positive  charge 
(depletion  zone),  especially,  in  the  bi-crystal  grain  boundary 
area  which  will  be  diminished  by  Ca  doping  [6].  This  is  op¬ 
posite  to  the  conclusion  by  Su  and  Welch  [10]  based  on  the 
theoretical  considerations  and  to  holography  data  by  Schofield 
et  al  [l  l]  which  conclude  that  the  energy  bands  bend  up.  Such 
bending  would  cause  the  grain  boundary  plane  to  be  negative 
for  undoped  YBCO,  and  Ca  doping  would  further  increase  the 
negative  charge  there  causing  the  energy  bands  to  bend  up  even 
more.  Kalinin  et  al  [12],  who  studied  a  SrTiOs  bi-crystal  grain 
boundary  using  a  surface  potential  imaging  technique,  have 
concluded  that  the  width  of  the  depletion  zone  at  the  bound¬ 
ary  area  depends  not  only  on  tip-bias  induced  band  bending 
but  also  on  capacitive  interaction  between  the  tip  and  the  sur¬ 
face  of  the  material  under  consideration,  its  volume  and  surface 
bound  charges,  double  layers  and  remanent  polarization. 

2.  Experimental  procedure 

YBCO  and  multilayer  {Mx/(YBCO)};}'A  films,  where 
M  =  (Y0.9Cao.i)2BaCu05  =  (Y,  Ca)211,  v  and  y  are  layer 
thicknesses  and  N  is  the  number  of  layers,  were  deposited 
by  pulsed  laser  deposition  as  described  previously  [13,  14]. 
Deposition  parameters  were  248  nm  laser  wavelength, 
~3.2  J  cm-2  laser  fluence,  25  nm  pulse  length,  2-4  Hz 
laser  repetition  rate,  5.5  cm  target- to- substrate  distance,  90- 
92%  dense  targets,  300  mTorr  oxygen  partial  pressure,  and 
a  post-deposition  anneal  at  500  °C  in  one  atmosphere  of 
oxygen  [14].  The  heater  block  temperature  was  775-800  °C. 
The  substrates  were  (010)  c-axis  tilted  SrTiC>3  with  one  side 
epi-polished,  and  total  grain  boundary  misorientation  of  6°  [1]. 
For  multilayer  films,  an  automated  target  rotation  and  pulse¬ 
triggering  system  was  used  to  control  the  deposition  sequences, 
with  a  period  of  about  13  s  during  which  the  deposition  was 
stopped  and  different  targets  were  rotated  into  position.  For 
this  study,  the  (Y,  Ca)21 1  particles  deposited  by  island  growth, 
however  also  with  an  ultrathin  layer  ~0. 1-0.2  nm  of  Y-Ca- 
Ba-Cu-0  with  exact  composition  unknown  [15].  Both  the 
nanoparticles  and  ultrathin  layer  could  be  observed  with  TEM 
cross-sections  [15]. 

The  deposition  rates  of  both  (Y,  Ca)211  and  YBCO 
(calibrated  before  deposition)  were  used  with  the  deposition 
times  to  estimate  the  thickness  of  both  layers.  Deposition 
rates  for  YBCO  and  (Y,  Ca)211  were  9-12  nm  min-1  and 
14-18  nmmin-1,  respectively  (1.55  times  higher  for  (Y, 
Ca)211  than  for  YBCO).  The  total  film  thickness  was  kept  in 
the  range  of  0.15-0.25  /am  to  provide  consistent  comparisons. 
Every  sample  was  measured  multiple  times  across  acid-etched 
step  edges  with  a  profilometer  (KLA-Tencor,  PI 5)  to  obtain  the 
film  thickness  with  an  error  <5%. 

Two  multilayer  films  were  selected  for  the  detailed 
characterization  of  Ca-doped  samples  reported  here.  Sample  A 


2 

Approved  for  public  release;  distribution  unlimited 


Supercond.  Sci.  Technol.  21  (2008)  035008 


R  A  Kleismit  et  al 


Table  1.  Sample  parameters. 


Deposition 

Roughness  RMS  value 

Surface  potential 

Quality  factor  change 

temperature 

(nm)  inside/outside 

change  (mV)  at  room 

(105)  at  room 

Transport  current 

(°C) 

boundary 

Tc  (K) 

temperature 

temperature 

density  Jc  (MA  cm-2) 

775  (sample  A) 

22.4/13.3 

88.9 

33 

0.29 

1.8 

800  (sample  B) 

13.6/13.1 

89.4 

14 

0.88 

3.9 

Figure  1.  Evanescent  microwave  microscopy  system. 


was  0.12  /z m  thick,  with  structure  {M^o.4  nm/YBCO~7  nm}-16, 
and  was  deposited  with  a  substrate  temperature  of  775  °C. 
Sample  B  was  deposited  on  a  substrate  at  800  °C,  with  structure 
{M~o.4  nm/YBCO~7  nm } * 2 1  and  total  thickness  0.16  /zm.  The 
nominal  volume  fraction  of  (Y,  Ca)211  phase  was  ~5.7%,  and 
overall  Ca  concentration  was  0.18%  by  molar  fraction,  in  both 
samples.  Relevant  properties  of  samples  A  and  B  are  given  in 
table  1. 

The  evanescent  microwave  microscopy  system  shown 
in  figures  1  and  2  was  adapted  for  making  cryogenic 
measurements  by  attaching  a  miniature  single-stage  Joule- 
Thompson  cryogenic  system  to  the  X-Y  stage.  The  microwave 
probe  was  fitted  through  a  bellows  providing  a  vacuum  seal 
and  allowing  the  probe  to  move  freely  over  the  sample,  which 
was  mounted  on  the  cryogenic  finger  directly  below  the  probe 
tip  [16].  The  microscope  probe  consists  of  a  tuned,  end- wall 
apertured  coaxial  transmission  line.  The  resonator  probe  is 
coupled  to  the  network  analyzer  through  the  tuning  network 
and  coupled  to  the  sample.  When  the  resonator  tip  is  in  close 
proximity  to  the  sample,  the  resonator’s  frequency  /o  will  shift 
along  with  corresponding  changes  A  Q  in  the  quiescent  quality 
factor  Q0  of  the  resonator  [16,  17]. 

Surface  potential  imaging  is  a  nulling  technique.  The 
atomic  force  microscope  (Veeco  multimode  scanning  probe 
microscope  with  a  nanoscope  Ilia  controller  and  Quadrex 
phase  detection)  mapped  the  electrostatic  potential  on  the 
sample  surface  with  0.5  V  applied  to  the  samples.  When  the 
tip  was  traveling  above  the  sample  surface  in  LiftMode,  the  tip 
experienced  a  force  whenever  the  potential  on  the  surface  was 
different  from  the  tip  potential.  The  voltage  applied  to  the  tip 
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Figure  2.  Evanescent  microwave  microscopy  arrangement  for 
measuring  local  permittivity. 

to  nullify  the  force  was  plotted  versus  the  in-plane  coordinates 
to  create  three-dimensional  surface  potential  images  [18]. 

The  superconducting  transition  temperature  (Tc)  was 
measured  using  an  AC  susceptibility  technique  with  the 
amplitude  of  the  magnetic  sensing  field  strength  varied  from 
0.025-2.2  Oe,  at  a  frequency  of  approximately  4  Hz.  Note 
that  AC  susceptibility  provides  information  about  primary 
and  secondary  transitions  of  the  entire  film,  rather  than  the 
best  continuous  superconducting  path  that  is  obtained  with 
resistive  Tc  measurements.  Transport  Jc  measurements  were 
made  by  a  four-point  contact  method,  with  microbridges  0.03- 
0.05  cm  wide  by  0.3  cm  length  and  an  electric  field  criterion 
of  1  /zV  cm-1.  Microbridges  were  made  by  248  nm  UV  laser 
etching  through  alumina  masks  with  laser  fluence  0.1  J  cm-2, 
laser  pulse  length  25  ns,  and  at  1  Hz.  The  critical  current  was 
measured  in  liquid  nitrogen  at  77.2  K.  Current  was  applied  to 
the  sample  by  a  step-ramp  method:  a  current  step  interval  of 
0.2-0. 5  s,  a  ramp  rate  of  0.25-1.0  A  s_1,  and  a  voltage  sample 
period  from  2x  to  4x  smaller  than  the  current  step  interval 
were  used.  The  maximum  current  step  size  was  0.1  A. 

The  films  were  imaged  by  scanning  electron  microscopy 
in  ultrahigh  resolution  mode  (SEM,  FEI-Sirion).  Characteri¬ 
zation  of  the  surface  topography  together  with  surface  poten¬ 
tial  mapping  were  both  performed  using  AFM  at  298  K,  par¬ 
ticularly  in  the  region  of  each  bi-crystal  boundary.  Several 
maps  were  acquired  with  raster  series  of  25  /zm  x  25  /zm  and 
50  /zm  x  50  /zm  at  separate  locations  along  and  outside  the  bi¬ 
crystal  grain  boundary  area,  and  average  effective  surface  po¬ 
tential  values  were  calculated  for  each  region.  The  evanescent 
microwave  microscopy  scans,  with  a  resolution  of  ~1  /zm  and 
the  capability  to  detect  changes  in  local  dielectric  properties  of 
the  material  on  the  order  of  ~10-3,  were  performed  at  temper¬ 
atures  of  79.2  and  298  K  and  measured  a  change  A  Q  in  quality 
factor  of  the  resonator,  which  is  directly  related  to  changes  in 
the  local  conductivity.  The  scan  parameters  for  samples  A  and 


3 

Approved  for  public  release;  distribution  unlimited 


Supercond.  Sci.  Technol.  21  (2008)  035008 


R  A  Kleismit  et  al 


Figure  3.  Surface  morphology  of  sample  (A)  outside  the  bi-crystal 
boundary. 


Figure  4.  Surface  morphology  of  sample  (B)  outside  the  bi-crystal 
boundary. 


B  are  /oa  =  1.2516  GHz  and  /ob  =  1.2373  GHz  with  a  probe 
tip  standoff  distance  of  2  gm.  Data  were  taken  at  0.07  /xm  step 
intervals  over  a  total  scan  length  of  35  /xm  centered  at  the  bi¬ 
crystal  boundary.  Electron  microprobe  analysis  was  performed 
using  the  same  line  scan  region  during  the  evanescent  probe 
scans,  and  Ca  intensity  values  will  be  presented  in  this  paper 
for  the  central  15  /xm  range  spanning  the  bi-crystal  boundary. 


3.  Results 

Despite  the  similar  deposition  conditions,  samples  A  and  B 
had  significantly  different  superconducting  properties.  Sample 
A  had  a  Tc  of  88.9  K  and  7C,  at  77.2  K  in  self-field,  of 
1.8  MA  cm-2;  the  Tc  of  sample  B  was  slightly  higher  at  89.4  K, 
but  at  3.9  MA  cm ~2JC  was  more  than  double  that  of  sample  A 
(table  1). 

The  three-dimensional  surface  images  obtained  by  AFM 
far  from  the  bi-crystal  boundaries  of  the  YBCO  thin  films 
doped  with  (Y,  Ca)211  additions  are  shown  in  figures  3  and  4 
for  samples  A  and  B,  respectively.  The  average  rms  roughness 
for  both  samples  is  similar:  13.3  nm  for  sample  A  and  13.1  nm 


(a)  (b) 
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Figure  5.  Planar  view  of  roughness  (a)  and  surface  potential  (b)  for 
sample  (A)  in  the  vicinity  of  the  bi-crystal  boundary. 
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Figure  6.  Planar  view  of  roughness  (a)  and  surface  potential  (b)  for 
sample  (B)  in  the  vicinity  of  the  bi-crystal  boundary. 


for  sample  B.  A  planar  view  of  topography  together  with  a 
surface  potential  map  in  the  vicinity  of  the  bi-crystal  boundary 
is  presented  in  figure  5  (sample  A)  and  figure  6  (sample  B). 
Whereas  the  rms  values  were  very  similar  far  away  from  the 
boundary,  the  average  rms  roughness  in  the  vicinity  of  the 
boundary  is  almost  two  times  higher  for  sample  A  than  B,  with 
values  of  22.4  nm  and  13.6  nm  respectively.  The  bi-crystal 
grain  boundary  is  barely  visible  in  the  micrographs,  and  its 
location  is  clearer  for  sample  A  (figure  5(a))  than  for  sample 
B  (figure  6(a)).  On  the  other  hand,  the  surface  potential  at 
298  K  has  a  distinct  band  of  elevated  values  along  the  grain 
boundary  for  sample  A,  which  had  the  lower  transport  current 
density  (see  table  1  and  figure  5(b)).  The  stepwise  increase 
of  the  potential  is  35  mV  for  sample  A  and  only  14  mV  for 
sample  B  (see  table  1).  As  a  result  of  this  smaller  increase, 
the  variation  of  surface  potential  over  the  bi-crystal  boundary 
is  not  visible  in  the  image  for  sample  B  (figure  6(b)). 

Evanescent  microwave  microscopy  line  scans  across  the 
bi-crystal  boundaries  for  samples  A  and  B  at  79.2  K  are 
presented  in  figure  7,  showing  the  change  in  quality  factor 
with  position.  Figure  8  shows  the  corresponding  variation  in 
calcium  intensity,  from  electron  microprobe  analysis,  along 
the  same  lines.  The  bi-crystal  boundary  is  at  approximately 
7.5  /xm  in  every  case.  Because  the  evanescent  probe  appeared 
to  be  averaging  the  data  due  to  the  wider  spread  of  the 
evanescent  field  emanating  from  the  tip,  the  microprobe  scan 
data  in  figure  8  are  presented  after  the  application  of  a  20- 
point  moving  average  smoothing  algorithm  to  aid  comparison 
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Figure  7.  Evanescent  microwave  change  in  g  scan  image  for  YBCO 
thin  film  at  79.2  K  for  sample  (A)  and  (B). 


Figure  8.  Microprobe  line  scan  of  elemental  calcium  content  across 
the  bi-crystal  boundary  at  room  temperature  for  sample  (A)  and  (B). 


with  the  evanescent  A  Q  scans.  The  agreement  between  peak 
positions  and  relative  intensities  for  the  evanescent  microwave 
scans  in  figure  7  and  the  electron  microprobe  scans  in  figure  8 
is  excellent,  demonstrating  that  surface  conductivity  (in  the 
superconducting  state)  is  extremely  well  correlated  with  local 
calcium  concentration. 

The  mean  x-ray  intensity  levels  for  calcium  in  sample  A 
are  much  lower  than  those  of  sample  B  exactly  at  the  bi-crystal 
junction  (see  figure  7).  Remember  that  the  same  amount  of 
calcium  was  added  to  both  films,  but  the  films  were  deposited 
at  different  temperatures:  sample  A  at  775  °C  and  sample  B  at 
800  °C.  In  figures  7  and  8,  the  largest  peak  (for  both  calcium 


content  and  A  Q)  is  closer  to  the  bi-crystal  grain  boundary 
for  sample  B  than  sample  A.  This  suggests  a  much  better 
conductivity  across  the  boundary  for  sample  B. 

Figure  9  represents  two-dimensional  A  Q  scans  taken  at 
room  temperature  (T  =  298  K)  and  suggests  a  significant 
overall  increase  in  the  normal  state  conductivity  of  sample  B 
with  respect  to  sample  A  (see  table  1).  The  average  quality 
factor  change  A  Q  increases  by  a  factor  of  three  from  0.29  x  105 
(sample  A)  to  0.88  x  105  (sample  B). 

4.  Summary 

The  clear  correlation  between  the  change  of  quality  factor 
from  evanescent  microscopy  scans  and  the  local  calcium 
content  from  electron  microprobe  analysis  demonstrates  that 
calcium  is  responsible  for  increased  local  conductivity,  perhaps 
due  to  an  enhancement  of  local  charge  carrier  concentration. 
The  same  correlation  was  not  found  for  yttrium,  barium  or 
copper  concentrations  (not  presented  here),  suggesting  that 
the  effect  was  associated  with  calcium  and  not  directly  with 
impurity  phases  or  thickness.  Sample  porosity  and  thickness 
variations,  however,  preclude  the  quantitative  determination  of 
conductivity  and  calcium  concentration  in  these  samples. 

Sample  B  had  a  critical  current  density  more  than 
double  that  of  sample  A,  despite  the  same  average  calcium 
concentration  and  qualitatively  similar  spatial  variations  of 
calcium  content  and  conductivity  (figures  7  and  8).  Sample 
B  had  a  higher  average  value  of  A  g,  both  at  room  temperature 
(0.88  x  105  compared  to  0.29  x  105)  and  in  the  superconducting 
state,  than  sample  A,  suggesting  globally  higher  conductivity; 
and  in  addition,  at  79.2  K,  sample  B  showed  a  maximum 
in  A  g  at  the  bi-crystal  boundary  in  contrast  to  sample  A’s 
minimum,  which  would  suggest  improved  grain  boundary 
transport  properties. 

A  higher  deposition  temperature  was  used  for  sample 
B  (800  °C)  than  sample  A  (775  °C),  which  may  have  been 
responsible  for  the  improved  conductivity  and  critical  current 
performance,  perhaps  by  enhancing  calcium  transport  into  the 
grain  boundaries.  Indeed,  the  critical  temperature  is  slightly 
higher  in  sample  B  than  sample  A  (89.4  K  compared  to 
88.9  K),  which  would  be  consistent  with  lower  intragrain 


BI-CRYSTAL  BOUNDARY  BI-CRYSTAL  BOUNDARY 

Figure  9.  Evanescent  microwave  change  in  Q  scan  image  for  YBCO  thin  film  at  room  temperature  for  sample  (A)  and  (B). 
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Figure  10.  Three-dimensional  view  of  surface  potential  for  sample 
(A)  in  the  vicinity  of  the  bi-crystal  boundary. 

calcium  concentrations.  (There  are  considerable  experimental 
data  to  show  that  calcium  doping  in  grains  causes  a  substantial 
decrease  in  the  critical  temperature  of  superconducting  thin 
films.)  It  is  also  interesting  to  observe  that  the  increase  in 
global  average  quality  factor  change  A  Q  at  room  temperature 
(from  0.29  x  105  to  0.88  x  105)  and  decrease  in  the  bi-crystal 
boundary  potential  barrier  at  room  temperature  (from  33  to 
14  mV)  are  on  the  same  order  of  magnitude  as  the  transport 
current  improvement. 

The  interpretation  is  not  straightforward,  and  is  compli¬ 
cated  by  variations  of  surface  topography  and  film  thickness. 
The  peaks  in  figures  7  and  8  away  from  the  bi-crystal  grain 
boundary  may  be  associated  in  part  with  the  morphology  of 
our  samples  (figures  3  and  4),  because  both  electron  micro¬ 
probe  and  evanescent  microwave  measurements  are  expected 
to  penetrate  the  full  thickness  of  these  samples  (0.12  /xm  for 
sample  A  and  0.16  /xm  for  sample  B).  The  large  peaks  outside 
but  adjacent  to  the  bi-crystal  grain  boundary  for  the  sample  A 
might  be  related  in  part  to  its  higher  roughness  in  the  vicinity 
of  the  boundary  (22.4  nm  versus  13.6  nm). 

This  roughness  may  not,  however,  be  completely 
responsible  for  the  distinct  bright  band  of  the  potential  barrier 
at  the  bi-crystal  grain  boundary  which  is  more  than  twice 
the  size  (33  mV  versus  14  mV)  in  sample  A  than  in  sample 
B  (see  table  1  and  figure  10).  These  results  may  indicate 
charge  redistribution  due  to  the  energy  bands  bending  down 
and  a  net  charge  transfer  on  the  macroscopic  scale  in  the 
vicinity  of  the  bi-crystal  junction  causing  the  junction  to  carry 
a  positive  charge.  This  has  been  suggested  theoretically  in  a 
recent  publication  [6]  and  is  indicated  by  our  measurements 
(figures  9  and  10).  On  the  other  hand,  Kalinin  et  al  [12] 
have  shown  theoretically  that  the  presence  of  local  charges  at 
the  grain  boundary  of  a  vicinal  and  donor-doped  D5  SrTi03 
bi-crystal  results  in  a  depletion  zone  ~200  nm  wide,  with 
the  interface  potential  at  the  middle  of  the  boundary  equal  to 


30  mV.  These  predictions  are  not  quantitatively  consistent  with 
our  experimental  value  of  ~  1  /xm  for  the  width  of  the  region 
of  increased  surface  potential  (figures  5  and  10),  however,  and 
other  factors  may  be  partially  responsible,  including  substrate, 
calcium  and  film  thickness  effects. 

The  detailed  mechanism  for  the  significantly  higher 
critical  current  density  in  sample  B  requires  further 
investigation,  and  in  particular  the  effect  of  substrate 
temperature  should  be  examined  over  a  wider  range.  It  is, 
however,  clear  that  high  critical  current  density  performance 
can  be  achieved  with  calcium  doping  without  a  significant 
depression  of  critical  temperature,  and  that  evanescent 
microwave  microscopy  is  a  useful  probe  of  doping  and 
conductivity  effects.  There  are  indications  that  room 
temperature  measurements  of  the  change  in  quality  factor 
and  the  surface  potential  in  the  vicinity  of  the  boundary 
junction  may  be  correlated  with  overall  critical  current  density 
for  coated  conductor  samples,  and  this  requires  further 
investigation. 
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